Liquid methanol at densities up to / 0 = 1.7 was studied by NMR in a specially designed diamond-anvil cell. Methyl and hydroxyl resonances have been separately observed at pressures to 43 kbars which exceeds equilibrium freezing pressure of methanol. The chemical shift difference between methyl and hydroxyl protons increases nonlinearly with increasing density, indicating a noticeable decrease in hydrogen bond length. The analyses of spin-lattice relaxation rates of both hydroxyl and methyl protons indicate that compression enhances intermolecular proton exchange and selectively reduces motion of the hydroxyl protons. Collectively these observations reveal that hydrogen bonding interaction in liquid methanol noticeably increases with compression, inhibiting the liquid-solid transition even above the freezing pressure.
I. INTRODUCTION
Methanol has been used as a model system for studies of hydrogen bonding in the liquid state. A useful approach to such studies is to enhance intermolecular interactions via compression, forcing the molecules to interatomic distances not otherwise accessible. Early on, Bridgman reported a disparity in a pair of density measurements made at pressures above 24.5 kbars. 1 He concluded that such a disparity was evidence of a metastable liquid phase. Later Piermarini et al. 2 observed that liquid methanol exhibited zero shear strength up to 86 kbars, which far exceeded the freezing pressure of 35 kbars. [2] [3] [4] They also observed that a mixture of 4:1 metanol:ethanol exhibited zero shear strength to 104 kbars; this solution has subsequently become a common hydrostatic pressure medium for high-pressure experiments. The viscosities of methanol and the 4:1 mixture were liquidlike up to at least 84 and 70 kbars, respectively. 5, 6 The glass transition pressure was found to be 105 kbars and the glassy methanol did not devitrify up to at least 330 kbars. 7 Methanol has also been studied spectroscopically by nuclear magnetic resonance ͑NMR͒ at pressures up to 3.5 kbars ͑Refs. 8-11͒ and by Raman scattering up to 20 kbars. 12 The NMR chemical shift reflects the electron current density surrounding the resonant nuclei; hence this shift of hydroxyl protons ␦ H is exquisitely sensitive to the hydrogen bond length. 13, 14 In the case of methanol, ␦ H has been referenced to methyl protons ␦ M in order to eliminate the effect of possible bulk susceptibility change at pressures. Previous measurements demonstrated that the difference of ␦ H − ␦ M slightly increased with pressure. [8] [9] [10] It was also shown that for dilute methanol in a nonpolar solvent, the ␦ H − ␦ M increased faster than in the case of pure methanol. 11 This difference was ascribed to enhanced oligomerization via hydrogen bonding of dilute methanol molecules, a trend favored by negative volume change associated with the hydrogen bonding formation. An alternative interpretation has emerged from the analysis of OH band profiles measured by Raman scattering. 12 With these data it was argued that at pressures between 7 and 20 kbars, the oligomerization did not proceed anymore. Unfortunately, at higher pressures the OH band became too weak to resolve. 3 Thus, Raman scattering failed to provide any information on the state of hydrogen bonding in liquid methanol at pressures above 20 kbars, where the most puzzling behavior has been observed. Obviously, NMR spectroscopy at such pressure regime will be extremely useful to address the problem of methanol. We, therefore, have conducted NMR of liquid methanol up to 45 kbars using a diamond-anvil cell ͑DAC͒.
II. EXPERIMENT
The use of DACs for NMR has a history of challenges. 15 High-resolution NMR in DACs has been intrinsically difficult 16 and only one spectrum of methanol at 11 kbars, was reported so far. 17 Our data are acquired up to four times this pressure with the aid of three technical breakthroughs: a nonmagnetic DAC capable of generating large force while in the field of a superconducting magnet, 18 a new rf probe design for DAC-NMR with improved sensitivity, 19 and a metallic gasket with magnetic susceptibility matching to the sample. 20 We have successfully obtained not only NMR spectra at high pressures, but also derived relaxation times of each resonance from time evolution of these spectra.
The use of large 1.0-mm culet anvils ensures a sufficiently large number of protons in the sample to induce detectible NMR signal. Gaskets were preindented at 2 -5 GPa before drilling, where the diameters of sample holes are 0.6 mm for measurements at 14 kbars, 0.4 mm at 27 kbars, and 0.3 mm at 45 kbars. Anhydrous methanol 21 was loaded into the sample hole in a dry glove box filled with argon.
a͒ Author to whom correspondence should be addressed. Present address: Graduate School of Environmental Studies, Nagoya University, Furo-cho, Chikusa, Nagoya 464-8601, Japan. Electronic mail: okuchi@eps.nagoya-u.ac.jp Pressure was determined using the ruby scale before and after each data acquisition. The reproducibility was better than 1 kbars, and the accuracy of the pressure scale was 1.5 kbars up to the highest pressure. The NMR spectra at 200.1-MHz Larmor frequency were obtained by Fourier transform of the entire spin echoes. This procedure ensures to give pure absorption spectra 22 circumventing the ambiguity associated with phase correction of broadened spectra with low signal-to-noise ratios. The spin-lattice relaxation times ͑T 1 ͒ were obtained by the saturation recovery method with a saturating comb sequence. 23 This sequence ensures that observed magnetization has exactly zero value at the beginning of its time evolution. The spin-spin relaxation times ͑T 2 ͒ were obtained with the Carr-Purcell-MeiboomGill sequence. 24 In both cases a simple exponential decay of each peak was observed within the experimental uncertainty. Figure 1 shows an example of a decaying spectrum at 27 kbars from which the T 2 of hydroxyl and methyl resonances were separately determined. All spectra were obtained at room temperature ͑21°C͒.
III. CHEMICAL SHIFT ANALYSIS
The NMR spectra of liquid methanol obtained at various pressures are shown in Fig. 2͑a͒ . The methyl resonance was chosen as the internal reference, defined as 0 ppm. With increasing pressure molecular motion is more restricted, yielding a longer molecular correlation time C , hence shorter T 1 and T 2 . Fortunately, the shorter T 1 's enabled us to accumulate more transients in a given time, enhancing the weak signal derived from the smaller number of protons. Unfortunately, the shorter T 2 's gave rise to significant line broadening that ultimately hindered resolution of the two resonances at 45 kbars. The estimated uncertainty of the chemical shift was less than 0.1 ppm at 35 kbars and 0.15 ppm at higher pressure. This was sufficient to quantify the change in ␦ H − ␦ M , which increased from 1.6 to 2.9 ppm. Figure 2͑b͒ presents the ␦ H − ␦ M as a function of normalized density of methanol obtained from its equation of state. 4 Note that our results are in excellent agreement with the previous data obtained using both capillary and DAC apparatuses. 10, 17 This agreement ensures that the NMR signal arises exclusively from within the tiny DAC sample chambers.
The ␦ H − ␦ M grows nonlinearly with increasing density toward the metastable regime. Two different processes may serve to explain this increase. First, the number of hydrogen bonds may increase with increasing pressure. 10, 11 At ambient pressure, a 5.0-ppm increase of ␦ H − ␦ M was observed when the gas transforms to the liquid, which is associated with the formation of hydrogen bonds from free monomers. 25 The observed 1. The problem with this estimate is such a number of hydrogen bonds exceeds the maximum number possible for methanol. Each methanol molecule can donate one hydroxyl proton to form a hydrogen bond, while it can accept two protons with the two lone electron pairs of the oxygen. Since the number of available protons is smaller than the number of proton acceptor sites, the maximum number of hydrogen bonds for methanol is limited by the number of protons. If all available protons form hydrogen bonds, there must be two hydrogen bonds per molecule, one per each molecule by donating its proton and one per each molecule by accepting another proton. It is possible for some molecules to accept two protons simultaneously. However, in this case the exactly same number of molecules has no protons to accept, so that the maximum number of hydrogen bonds does not increase anymore. This limit could only be circumvented if two oxygen simultaneously accept a proton to form two hydrogen bonds, which is energetically unfavorable due to their strong repulsive interaction, and has never been observed in crystalline methanol even in the highest-pressure phase. 28 Therefore, formation of new hydrogen bonds in the liquid cannot be the primary reason for the observed increase of / 0 = 1.25 ͑P = 7 kbars͒ indicates some other change to the hydrogen bonding network. The most likely explanation is that, on average, hydrogen bond length noticeably decreases in this pressure regime. Note that a shortening of bond length is not always necessary to reduce the volume of disordered liquid structures. This is because, without periodic lattice constraint, intermolecular bond angles are often more easily modified to reduce the volume than the bond length. As a first-order approximation, we assume a linear relationship between ␦ H − ␦ M and hydrogen bond length. The proportional factor is estimated to be 0.3 ppm/ 0.01 Å shortening of the O-O distance, which was evaluated at ambient pressure by a linear fitting between ␦ H and O-O distances in various hydrogen bonding compounds with known crystal structures. 13 The observed 1.3-ppm increase of ␦ H − ␦ M can, therefore, be accounted for by the reduction of the O-O distance by 0.04 Å. The diffraction studies demonstrated that liquid methanol at ambient pressure had the averaged O-O distance of 2.80± 0.14 Å ͑Ref. 26͒ or 2.72± 0.13 Å. 29 As O-O distances in the high-pressure phase of crystalline methanol are distributed between 2.6 and 2.8 Å at 40 kbars, 28 the averaged O-O distance of liquid methanol at 43 kbars, 2.76± 0.14 Å, or 2.68± 0.13 Å is consistent with the solid crystalline structure at comparable pressure. The observed decrease of OH Raman frequencies is also qualitatively consistent with such shortening of hydrogen bonds.
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IV. RELAXATION RATE ANALYSIS
The observed relaxation rates of hydroxyl protons ͑T 1H −1
and T 2H −1 ͒ and methyl protons ͑T 1M −1 and T 2M −1 ͒ are shown in Fig. 3 as a function 
±5% to / 0 = 1.4 but increase to ±30% at the highest density because their smaller values at higher pressures yield much smaller numbers of echo trains, especially for hydroxyl protons ͑Fig. 1͒. Note that our T 1 's at / 0 = 1.19 ͑P = 4 kbars͒ are in excellent agreement with the capillary NMR results at / 0 = 1.17 ͑P = 3.5 kbars͒ for both hydroxyl and methyl protons. No T 2 results for these specific proton species at pressures comparable to our study have been reported.
As previously noted, both T 1 −1 and T 2 −1 increase due to the increase of C with increasing density. The maximum of T 1 −1 at / 0 = 1.66 ͑43 kbars͒ is indicative of C −1 being equal to 0 , as observed at similar pressure by bulk relaxation measurements of methanol-ethanol mixture. 15 At lower density the extreme narrowing condition 0 C Ӷ 1 should be satisfied, where the relaxation rates by dipole-dipole interactions, 1 / T 1d and 1 / T 2d , are
where r n is the distance to the nth interacting spin from the relaxing spin. 30 Note that the M protons have additional internal freedom of rotation which may separate CH and CM at pressures. The two correlation times are therefore distinguished. In order to describe the spin relaxation in liquid methanol, we need also to introduce the exchange probability W of spin state between H and M protons through their scalar interaction, or electron-coupled spin-spin interaction,
͑2͒
Here J is the scalar coupling constant between H and M protons in hertz, e is the average lifetime for intermolecular proton exchange in seconds, and ␦ H − ␦ M is the chemical shift difference between H and M protons in hertz. Phenomenologically, the relaxation of longitudinal magnetizations M H and M M follows as:
where M H0 and M M0 are the equilibrium magnetizations of H and M protons. The solution of the simultaneous differential equations is a linear combination of two exponentials, exp͑W a t͒ and exp͑W b t͒, where W a and W b are eigenvalues of the matrix consisting of four coefficients of the equations,
where D is the difference between H and M dipolar relaxation rates ͑=T 1dH −1 − T 1dM −1 ͒. The initial condition of saturation recovery method is M H ͑0͒ = M M ͑0͒ = 0. We also have the relation 3M H0 = M M0 because the methyl protons are three times more abundant than the hydroxyl protons. Using these conditions and assuming D ӷ W, the solution can be simplified to,
The spin-lattice relaxation rates are
Accordingly, when the scalar relaxation W is substantial, it will serve to increase T 1H −1 three times greater than T 1M −1 . The increasing separation between T 1H −1 and T 1M −1 at around / 0 = 1.3 demonstrates such an effect ͓Fig. 3͑a͔͒. The e at ambient pressure is ϳ0.1 s for pure methanol, yielding a negligible value of W on the order of 10 −3 s −1 . 32 This is a much smaller value than D so that the assumption D ӷ W is well satisfied. With increasing density, e is expected to decrease because the observed shortening of hydrogen bonds will facilitate proton exchange. Equation ͑2͒ predicts that with decreasing e , W increases, reaching a maximum,
where e −1 passes through the 2 ͑␦ H − ␦ M ͒, and decreases again. This entire evolution of W was already observed under ambient pressure by adjusting the acidity of methanolic solutions to control e . 32 In our case the same evolution has been observed by changing the density; e has decreased to 0.4 ms when W = W max . This e is more than two orders of magnitude smaller than its value at ambient pressure. With further increase of density, e becomes even smaller.
The effect of evolution of W is more obviously seen in the difference between two spin-lattice relaxation rates, Figure 4͑a͒ presents the observed ⌬R 1 with circles. An abrupt increase of ⌬R 1 is observed at / 0 = 1.3 ͑P = 9 kbars͒. Since we do not expect any reason for an abrupt increase of D which only involves dipolar interactions in Eq. ͑1͒, the 2W should have increased and reached a maximum around this density. Using J = 5.2 Hz at ambient pressure, 31 Eq. ͑7͒ gives 2W max = 0.5 s −1 which is shown by an arrow in Fig. 4͑a͒ . The arrow is somewhat shorter than the observed trend which might be explained by an increase of J induced by a possible change of electron density around the hydroxyl protons at pressure.
In the lowest-and highest-density regimes in Fig. 4͑a͒ , W is negligible so that the observed spin-lattice relaxation rates, T 1H −1 and T 1M −1 , are equal with the dipolar relaxation rates, T 1dH −1 and T 1dM −1 ͓Eq. ͑6͔͒. Thus Eq. ͑1͒ yields the ratio of the H and M spin-lattice relaxation rates,
This ratio is presented in Fig. 4͑b͒ . The term f H / f M is likely to be insensitive to the pressure because the dipolar interaction works most efficiently within the molecules which maintain a solid framework at the pressures in this study. Accordingly, the CH / CM must have increased by compression, demonstrating a selective reduction of motion of hydroxyl protons. The transport properties of alcohols at high pressures are, therefore, beyond the description provided by standard theories that assume spatially rigid molecules, as noted independently by dielectric relaxation experiments at high pressure. 33 So far the observed spin-lattice relaxation rates ͑T 1H −1 and T 1M −1 ͒ are explained by the combination of dipolar and scalar interactions. Next we interpret the observed spin-spin relaxation rates ͑T 2H −1 and T 2M −1 ͒ as being the sum of the same combination. The formulations are
The difference between H and M relaxation rates is
Thus we expect a similar effect of the evolution of scalar relaxation W with decreasing e . Note that the effect of W for ⌬R 2 in Eq. ͑12͒ is a factor of 3 / 4 smaller than that for ⌬R 1 in Eq. ͑8͒. ⌬R 2 is smaller than that of ⌬R 1 as expected. With further increase of density, the second term in Eq. ͑11͒ becomes smaller so that ⌬R 2 is expected to approach to D as ⌬R 1 does. This expectation is consistent with the trend observed for ⌬R 2 at higher density. However, the larger errors for T 2 measurements at / 0 Ͼ 1.4 make the trend of ⌬R 2 to be much less definitive than the trend observed for ⌬R 1 .
From the relaxation rate analyses, it has been shown that both T 1 and T 2 evolutions as a function of density are consistently explained by the combination of dipolar and scalar interactions. These analyses have distinctly shown how dynamics of hydrogen-bonded molecules in the liquid changes with increasing density. At ambient pressure, transport of protons in liquid methanol was simulated by ab initio molecular dynamics. 34 Such simulation studies at high pressures, as well as more diamond-anvil cell NMR results, are expected to enforce the emerging picture of proton dynamics in hydrogen-bonded liquids at high pressures.
V. CONCLUSIONS
Pressure-induced shortening in hydrogen bond distances, acceleration of proton exchange, and selective reduction of motion of the hydroxyl protons are independently derived from NMR spectra and relaxation rate analyses of liquid methanol at densities to / 0 ϳ 1.7. These observations are consistent with a noticeable increase in hydrogen bonding interactions as a consequence of extensive compression. Our previous understanding of hydrogen bonding in compressed materials has been primarily derived from structural analysis of H 2 O at high pressures. However, as for the disordered structures relevant to the present study, previous analyses at high pressures have failed to directly confirm the shortening of hydrogen bonds. In fact, the first coordination shell of liquid H 2 O ͑Ref. 35͒ and amorphous H 2 O ices 36 has been considered to be remaining unperturbed by compression. Instead, extensive deformation in the second coordination shell was observed as the primary structural change for both liquid and amorphous H 2 O phases, indicating that O-O-O angles are more easily modified than O-O distances in disordered, hydrogen-bonded molecular systems. The structure of liquid methanol was also studied by diffraction at pressures of 9 kbars, 29 which also failed to observe any shortening of the O-O distance. In the present study of liquid methanol, however, we actually observed that the first coordination shell responds directly to the compression. Our different result should arise from the different sensitivity; the chemical shift uncertainty of 0.15 ppm gives a 0.005-Å distance uncertainty, while the diffraction correlation functions of liquid methanol have much larger deviations of 0.14 Å ͑Ref. 26͒ or 0.13 Å. 29 The observed direct response of the first coordination shell of methanol may provide an explanation of the wellknown difficulty in promoting its pressure-driven solidification. Stronger hydrogen bonding at higher pressures in the liquid state may kinetically hinder structural rearrangement. The highly compressed disordered structure of methanol, therefore, can sustain itself without solidification or devitrification. 3, 7 The unique behavior of compressed methanol is deeply related to the nature of hydrogen bonding at high pressure.
